Benchmarks
The chromatin immunoprecipitation (ChIP) assay (1) is a powerful technique to analyze protein-DNA interactions in a native chromatin context (2) (3) (4) . ChIP is used to study a broad range of physiological processes including transcriptional regulation, DNA replication, and DNA repair. The assay is useful for a wide range of cells and tissues, including cells derived from yeasts, protozoa, Drosophila, and mammals. The ChIP assay typically comprises four steps: (i) cross-linking proteins to DNA; (ii) chromatin fragmentation; (iii) protein precipitation; and (iv) quantitation (5) . The initial crosslinking is used to covalently attach proteins within chromatin, to insure that DNA-protein complexes remain associated through the following steps. The DNA is broken into sizes ranging from approximately 500 bp (achieved by sonication) down to mononucleosomes (achieved by MNase digestion).
The DNA is then precipitated, commonly with an antibody to detect the protein of interest, but other means are also used, such as nickel-conjugated beads to precipitate a hexahistidine-tagged protein. The cross-links are then reversed to allow quantitation, using Southern blotting techniques, which directly measure the precipitated DNA, or by PCR, which is either semiquantitative (PCR followed by electrophoresis) or quantitative (PCR in real-time).
The most commonly used crosslinking reagent is formaldehyde (HCHO), because it is heat-reversible and is able to cross-link protein-DNA, protein-RNA, and protein-protein.
Formaldehyde generates cross-links spanning approximately 2 Å (although commercially available formaldehyde is polymerized, and, thus the actual cross-linking distance is unknown) (1) and is thus most useful to examine proteins directly bound to DNA, such as transcription factors, histones, and their covalent modifications (2-4). However, formaldehyde has a short cross-linking spacer arm and frequently is not effective to examine proteins that are indirectly associated with DNA, such as transcriptional coactivators and corepressors. Thus, it would be generally useful to identify a versatile cross-linking reagent that efficiently reveals proteins more distantly bound to DNA.
There have been recent reports of ChIP studies of indirectly bound cofactors using formaldehyde combined with a second cross-linking reagent bearing a longer spacer arm. The binding of the histone deacetylase Rpd3 in the yeast Saccharomyces cerevisiae was mapped using dimethyl adipimidate (DMA) ( Figure 1 ) and formaldehyde (6, 7) . A second approach using dimethyl 3,3′-dithiobispropionimidate (DTBP) plus formaldehyde Benchmarks revealed MTA3 present in the mammalian Mi-2/NuRD complex (8) . Another group reported the using of disuccinimidyl glutarate (DSG) and formaldehyde to study the NFκB complex (9) . Here, we report our investigation of combinations of cross-linkers to study cofactors that are refractory to ChIP analysis using formaldehyde alone. All of the protein-protein cross-linking reagents used in this study were purchased from Pierce Biotechnology (Rockford, IL, USA), and the formaldehyde was purchased from Sigma (St. Louis, MO, USA).
In vivo dual cross-linking for identification of indirect DNA-associated proteins by chromatin immunoprecipitation
In one set of experiments we examined the role of a protein kinase, LKB1, in regulating p53-dependent genes. It was previously known that tumor suppressor LKB1 genetically interacts with p53 (10). We found that LKB1 physically associates with p53 in the nucleus (11) , which led us to test whether LKB1 may function directly at promoters of genes regulated by p53. We transfected a plasmid encoding FLAG ® epitope-tagged LKB1 (pFLAG-LKB1), or a vector control, into Lkb1 null mouse embryo fibroblasts (MEFs) to establish stable cell lines (11) . Using the conventional formaldehyde cross-linking based ChIP assay, we analyzed the LKB1 binding in the region of p53 binding sites upstream of the p21/WAF1 promoter ( Figure 1A ). We were unable to detect LKB1 binding to p21/WAF1 compared with the vector control ( Figure 1B) . We then tested several cross-linking agents in combination with formaldehyde. These included DMA, disuccinimidyl suberate (DSS), dithiobis[succinimidyl propionate] (DSP), and ethylene glycolbis[succinimidyl succinate] (EGS) ( Table 1) . Each of these agents is membrane-permeable and has a longer spacer arm than formaldehyde ( Table  1 ). The long-arm cross-linkers (DMA, DSS, DSP, or EGS) were separately incubated with the cell samples in phosphate-buffered saline (PBS) ( Table  1) for 20-30 min at room temperature. Formaldehyde was then added at 1% of final concentration and incubated for a further 10 min. The cross-linking reaction was quenched with 50 mM glycine-PBS for 10 min, and crosslinking was reversed by incubation at 65°C for 4-10 h.
The PCR results show that as before ( Figure 1B) , formaldehyde alone did not yield a signal for LKB1 at the p21/ WAF1 promoter region, and neither DSS, DMA, nor DSP followed by formaldehyde indicated the presence of LKB1 ( Figure 1C, left) . However, dual cross-linking with EGS/formaldehyde revealed LKB1 at p21/WAF1 ( Figure  1C, left) . The increase was between 3-and 4-fold compared with formaldehyde alone. As a control, LKB1 was not detected by EGS/formaldehyde dual cross-linking at the TATA box 5′ untranslated region (UTR) ( Figure  1A ) of the p21/WAF1 gene ( Figure  1C, right) . As a further control, we compared the ChIP efficiency using EGS alone and found that this treatment did not yield an LKB1-dependent signal ( Figure 1D) .
To verify the efficiency of this method in an unrelated system, we examined cofactors for the transcription factor GATA-1 at the locus control region (LCR) upstream of the murine β-globin locus in erythroid cells. GATA-1, which binds to DNA directly, can be detected easily by formaldehyde ChIP (Figure 2) . However, signals for its non-DNA binding cofactor FOG-1 and the FOG-1-associated protein, MTA-2, were weak despite strong evidence by us and others that these proteins are important coregulators of GATA-1 in vivo (12) . We found that formaldehyde alone yielded a very low ChIP signal for FOG-1 and nearly no signal for MTA-2 ( Figure 2 ). In contrast, combined EGS/formaldehyde cross-linking increased the signals for these proteins 5-fold (FOG-1) and 8-fold (MTA-2) (Figure 2 ). However, as expected, the combined cross-linking did not significantly increase the signal for GATA-1 ( Figure 2 ). As a further control, we found that there was no ChIP signal for any of these proteins at the MyoD promoter (Figure 2) , which is not regulated by these factors.
These data show that sequential cross-linking with EGS and formaldehyde is an effective method for ChIP analysis of multiple transcriptional cofactors that are refractory to analysis by conventional single formaldehyde cross-linking. We are currently uncertain why EGS appears to be a more robust protein-protein crosslinker in our studies of LKB1 than either DMA, DSS, or DSP. We note that EGS has the longest spacer arm of the reagents we tested. It is also possible that proteins vary in their reactivity with distinct types of cross-linkers. However, EGS appears to improve the signal-to-noise ratio in ChIPs in a broad variety of proteins that do not bind DNA directly (data not shown). In summary, EGS/formaldehyde dual cross-linking may prove to be generally useful for ChIP analysis of proteins that bind indirectly to DNA. 
